Organic vegetable production accounted for 19% of the total organic acreage in Washington State in 2013, with 1,700 ha of certified organic vegetable pea. However, production is challenged constantly with the threat of poor emergence after planting due to damping-off caused by Pythium spp. A survey of Pythium spp. in organic vegetable production areas of the semiarid Columbia Basin of central Washington was carried out in fall 2009 to identify species associated with damping-off during early spring planting. Of 305 isolates baited from soil sampled from 37 certified organic fields, 264 were identified to 16 Pythium spp. by sequencing the internal transcribed spacer region of ribosomal DNA. A soil DNA-CFU regression curve was developed using real-time quantitative polymerase chain reaction assays for each of the three predominant pathogenic species (Pythium abappressorium, the P. irregulare complex, and P. ultimum var. ultimum) found in soil sampled from the 37 fields. The P. irregulare complex, P. abappressorium, and P. ultimum var. ultimum were detected in 57, 78, and 100% of the fields sampled, respectively. A regression analysis was used to determine that P. ultimum var. ultimum ranged from 14 to 332 CFU/g of soil in the 37 fields, the P. irregulare complex ranged from 25 to 228 CFU/g of soil, and P. abappressorium DNA was below the quantifiable limit. In summary, P. ultimum var. ultimum was the most prevalent pathogenic Pythium sp. detected in certified organic fields in the semiarid Columbia Basin of central Washington but multiple Pythium spp. may be associated with damping-off in cool and wet, early spring planting conditions. Organic crop production in Washington State has expanded greatly over the past decade (Granatstein et al. 2005) . In 2013, there were 712 certified organic farms in Washington and approximately 34,000 ha devoted to certified organic production (Kirby and Granatstein 2014). A majority of these organic hectares are located in the semiarid, irrigated area of central Washington, referred to as the Columbia Basin, which is characterized primarily by large-scale agricultural production (Kirby and Granatstein 2014). In 2013, organic vegetable production comprised 19% of the total organic acreage in Washington (Kirby and Granatstein 2014). Pea (Pisum sativum L.) is a vegetable crop grown widely in Washington, with 1,700 ha devoted to organic pea production in 2013 out of a total 6,600 ha of organic vegetable production in the state. Organic processing-pea crops accounted for $4.2 million in sales and ranked second after sweet corn among organic vegetables grown in Washington (Granatstein and Kirby 2010; Kirby and Granatstein 2009).
For example, planting seed in soil <10°C slowed seed germination compared with germination and exudation in soil at 22 to 30°C; however, seed exudation lasted only 18 h at the warmer soil temperatures compared with 48 h at 10°C (Martin and Loper 1999; Nederhoff 2000; Short and Lacy 1976) . Conditions that favor extended periods of seed exudation also can favor greater levels of pathogen spore germination and seedling decay (Short and Lacy 1976) .
Pythium-induced damping-off is one of the major constraints in production of organic vegetable crops in Washington, particularly for vegetables planted early in the season such as pea (Alcala and du Toit 2009) . Early spring planting of pea crops in the Columbia Basin not only exposes the seed to cool and moist soil conditions but the water used to irrigate crops in this region also is cold (<10°C), contributing to conditions that slow seed germination and are highly conducive to damping-off (Agrios 2005; Cook 2002; Hendrix and Campbell 1973) . However, early planting of organic processing-pea crops in the Columbia Basin is difficult for growers to avoid because of the necessity of planting early to (i) reduce weed competition, particularly from nightshade species common in the area (e.g., Solanum nigrum L.) which produce berries toxic to humans and animals, and which cannot be separated readily from pea by the processing equipment; (ii) harvest and process organic pea crops prior to conventional pea crops to avoid having to clean the processing equipment between conventional and organic crops; (iii) double-crop pea and sweet corn in the limited duration of the growing season (March to October) in this temperate region; and (iv) allow for robust pod set because warm summer temperatures of this region will result in flower abortion (Alcala and du Toit 2009; Mansour et al. 1984; Miller and Parker 2006) .
The significant losses to damping-off in organic vegetable production and the need for effective management strategies warranted investigation of the primary causal Pythium spp. during early spring planting conditions in certified organic fields in the Columbia Basin. Previous studies have investigated Pythium spp. diversity in Washington soils in wheat production areas of eastern Washington (Chamswarng and Cook 1985; Paulitz and Adams 2003) , and in soils in organic and conventional apple (Malus domestica Borkh.) orchards in the Columbia Basin (Mazzola et al. 2002) . However, dryland cereal production in eastern Washington is very different from agriculture in the semiarid, irrigated Columbia Basin of central Washington, and perennial orchard systems may have different plant-pathogenic soil microflora than annual vegetable cropping systems in irrigated agriculture in the Columbia Basin. Therefore, the objectives of this study were to (i) survey Pythium spp. present in certified organic fields in the Columbia Basin that are commonly used for vegetable production, particularly pea production; and (ii) quantify inoculum levels of the three most prevalent and pathogenic Pythium spp. in soil sampled from certified organic fields in the Columbia Basin (Alcala 2013) .
Materials and Methods
Fields surveyed. In October 2009, 37 fields used for certified organic vegetable production in the Columbia Basin were surveyed for Pythium spp. The fields were selected based on vegetable cropping history (i.e., planted to pea or sweet corn in the previous 5 years) and to represent the northern region (17 fields) between and Ephrata, , central region (5 fields) between Warden and Eltopia, , and southern region (15 fields) between Eltopia and Paterson, of the Columbia Basin (Table 1; Supplementary Table S1 ). Soil samples were collected from each field in October, when most of the fields were either fallow or planted to a cover crop. All of the fields surveyed were irrigated using center pivots, and individual fields ranged from 15 to 50 ha.
Soil sampling. Sampling of full center-pivot fields was done along each of four transects in a grid pattern. Samples for half-circle fields were collected along four parallel transects across the half-circle. Soil sampling was done by four people in each field, with each person collecting 20 soil cores/transect to a depth of 15 cm using a 2.5-cm-diameter soil probe. The soil cores for each transect were pooled and mixed thoroughly, and a subsample was stored at −20°C to be used to quantify selected Pythium spp. using real-time quantitative polymerase chain reaction (PCR) assays (described below). The rest of the soil was pooled for the four transects in a field and mixed thoroughly, and a 500-g subsample was sent to Soiltest Farm Consultants, Inc. (Moses Lake, WA) for nutrient analysis. The soil from each field was also used for baiting Pythium spp., as described below. At the time of sampling, soils were placed in a cooler with ice for transport to a cold-storage facility (4 ± 2°C) at the Washington State University (WSU) Pullman campus.
Isolation and baiting. Two methods were used for baiting Pythium spp. from the soil samples. Grass leaf baiting was done based on the method described by Paulitz and Adams (2003) . A 20-g soil sample from each field was placed in a 15-cm-diameter petri plate and moistened to field capacity with 3 to 5 ml of tap water. Plates were incubated at room temperature (22 ± 2°C) for 24 to 48 h. Distilled water (10 ml) was added to each plate, and five grass clippings of Poa pratensis L., cut to about 2.5 cm long and sterilized by autoclaving at 1.1 kg/cm 2 (15 psi) and 121°C for 20 min, were floated on the water in each plate. After 24 to 36 h, the grass clippings were removed, blotted dry on sterilized paper towels, and plated on a Pythium selective agar medium (PSM; Mircetich and Kraft 1973) . After 24 to 36 h, emerging hyphal tips from the grass leaves were transferred to plates of water agar (WA). Hyphal growth patterns on WA were observed microscopically to select and isolate Pythium spp. A pure culture of each isolate was maintained on WA and stored at 4°C. For long-term storage, a WA block (1 cm 3 ) colonized by the Pythium isolate was placed in a glass vial containing sterilized water and four sterilized hemp seed (HBD International Inc., Brentwood, TN), and stored at room temperature.
Pythium spp. were also baited from each soil sample based on the method described by Broders et al. (2009) . A subsample of approximately 500 g of soil from each field was placed in each of two 10-cm-diameter pots, saturated with tap water for 24 h, and then drained. The saturated soil was incubated for 14 days at 14°C with a photoperiod of 12 h/day in a growth chamber. Pythium spp. were baited from the soil by planting pregerminated seed of 'Chase' sweet corn (Monsanto Vegetable Seeds, St. Louis, MO) in one pot and of 'Tonic' pea (Brotherton Seed Co., Inc., Moses Lake, WA) in the other pot. Germination of the pea and sweet corn seed was initiated by wrapping the seed in a moist paper towel at room temperature for 3 to 5 days until the radicle was about 2.5 cm long. Five germinated seeds of each species were planted in the appropriate pot and maintained in a growth chamber at 10°C by night and 15°C by day with a photoperiod of 12 h/day to mimic the cold soil conditions of early spring planting in the Columbia Basin. The plants were irrigated with cold water stored in the growth chamber, mimicking the cold water used to irrigate fields in the Columbia Basin. Five days after planting, the pots were flooded with water for 24 h to promote damping-off from Pythium spp. that might be present in the soil. Four days after flooding, seed and seedlings in each of the pots were removed and washed, and the roots were cut off and blotted dry on sterilized paper towels. Root sections were plated onto PSM and incubated at 22 ± 2°C for 24 to 36 h, prior to making hyphal tip transfers of the emerging mycelium onto WA plates. Pure cultures of the isolates were maintained on WA and kept at 4°C for species identification. Isolates were stored for the long term in sterilized water with hemp seed, as described above.
Pythium spp. identification. Pythium isolates obtained from soil samples using grass leaves or by pea and sweet corn root baiting were identified to species initially by microscopic examination of morphological features (van der Plaats-Niterink 1981) . A culture of each isolate was grown in a petri plate containing pond water (from a pond in Reaney Park, Pullman, WA) that had been sterilized at 1.1 kg/cm 2 and 121°C for 20 min. Five sterilized grass leaf clippings were floated on the water in each plate, and the plates kept on a laboratory bench for 24 to 36 h at room temperature. When mycelial growth became visible, the grass clippings were removed and a slide mount was prepared for microscopic examination of sporangia, oospores, antheridia, and oogonia characteristics.
DNA extraction and sequencing. To verify the species of the Pythium isolates, the internal transcribed spacer (ITS) region of the ribosomal DNA (rDNA) of each of the isolates was sequenced using the method described by Paulitz and Adams (2003) . Each isolate was grown in potato dextrose broth (PDB) in petri plates for 5 to 14 days based on when at least three-quarters of the plate was covered with mycelial growth. Mycelium was removed from the PDB and excess liquid drained. The mycelium was then washed twice with sterilized distilled water, drained, and placed in a 1.7-ml Eppendorf tube. Harvested mycelia were stored at −20°C until used for DNA extraction.
DNA was extracted from mycelium of each isolate using the FastDNA Kit (MP Biomedicals, Santa Ana, CA) along with the Fast Prep FP120 cell disruptor (American Instrument Exchange, Inc., Havervill, MA) following the manufacturer's protocol. PCR amplification of the ITS region was done as described by Schroeder et al. (2006) , using the primers UNUP18S42 (5¢-CGTAACAAGGTTTC CGTAGGTGAAC-3¢) and UN-LO28S22 (5¢GTTTCTTTTCCTCC GCTTATTAATATG-3¢) (Bakkeren et al. 2000) . The reaction mixture contained 2 ml of DNA template, 6 ml of 5× buffer, 1.5 mM MgCl 2 , 0.2 mM each of the four dNTPs, 10 pmol of each of the primers, and 1.25 U of Taq polymerase (Invitrogen Life Technologies, Grand Island, NY) in a total volume of 30 ml. Amplification of DNA was carried out using a PTC-200 Peltier thermal cycler (MJ Research, Reno, NV) with the following program: 3 min of initial denaturation a GenBank sequence with greatest homology to the internal transcribed spacer (ITS) ribosomal DNA (rDNA) sequence for that isolate. Sequences of two isolates/species of Pythium baited in this survey were submitted to GenBank, except for P. camurandrum as only one isolate of this species was obtained in the survey. b Pythium spp. identification based on morphological characterization (Paulitz and Adams 2003; van der Plaats-Niterink 1981) and sequencing the ITS region of rDNA, as described by Bakkeren et al. (2000) . c Details of the 37 certified organic fields are described in Supplementary Table S1 . d Baiting for Pythium was done using procedures described in the main text and following those of Paulitz and Adams (2003) and Broders et al. (2009). at 94°C for 3 min; followed by 30 cycles of 45 s at 92°C, 45 s at the annealing temperature of 60°C, and 60 s at 72°C; and a final extension step of 10 min at 72°C. The PCR products were separated on 1.0 or 1.5% agarose gels along with a 100-bp molecular weight DNA ladder (Invitrogen Life Technologies) to ensure the presence of appropriate-sized amplified DNA prior to sequencing. The DNA concentration was determined using a NanoDrop 1000 (Thermo Scientific Co., Wilmington, DE) or by Qubit fluorometric quantification using the Quant-iT dsDNA assay kit (Invitrogen Life Technologies). DNA products were treated with Exo SAP-IT (USB Corp., Cleveland, OH), using 2 ml for every 5 ml of DNA product to remove remaining dNTP and primers. Premixed sample templates consisted of 10 to 15 ng of template, 8 pmol of forward primers, and PCR-grade water added for a total volume of 15 ml, and were sent to Elim Biopharmaceuticals, Inc. (Hayward, CA) for sequencing. Sequences were edited manually using Chromas Lite (Technelysium Pty. Ltd., South Brisbane, Australia) and compared with sequences in GenBank using the National Center for Biotechnology Information online BLAST tool. Sequences from the study of Lévesque and De Cock (2004) were used for species identification based on sequence similarity. For species described subsequent to that study, sequences from the study by Robideau et al. (2011) were used to confirm species identity based on 97 to 100% ITS sequence homology (Table 1 ). The sequences of 31 isolates, representing 2 isolates of each species identified and the single isolate of Pythium camurandrum identified, were deposited in GenBank as accession numbers KP862934 to KP862964 (Table 1) . Soil Pythium DNA-CFU regression curves. Pathogenicity tests of up to nine isolates of each of the Pythium spp. detected in this survey demonstrated that the three most prevalent pathogenic species were P. abappressorium, P. irregulare complex, and P. ultimum var. ultimum (data not shown) (Alcala 2013) . To examine the relationship of DNA concentration (femtograms per gram of soil) with inoculum potential (CFU per gram of soil), a soil-CFU standard curve was developed for each of the three prevalent species. To prepare infested soil for each of the three prevalent Pythium spp., a soil sample from each of three fields representing the northern (field 14), central (field 20), and southern (field 36) regions of the Columbia Basin was steam pasteurized for 2 h at 70°C, dried for 3 to 5 days, sieved (1-mm-diameter pore size) to remove plant debris, and crushed using a marble rolling pin. Inoculum of each of P. ultimum var. ultimum isolate 030141, P. irregulare complex isolate B1-22, and P. abappressorium isolate B11-111 was produced using a mixture of ground oatmeal and steam-pasteurized soil from the three fields. Ground oatmeal (Quaker Oats Brand, Chicago) was mixed with the soil (1% by weight) using a PK Blendmaster soil blender (Patterson-Kelley Co., division of Harsco Corp., East Stroudsberg, PA) for 10 min, with deionized water (15% wt/wt) added slowly through a funneled hose attached to the blender during the last 5 min of mixing. Approximately 400 g or 1 kg of soil was placed in a 1-liter Kerr Mason jar or a 3.8-liter high-density polyethylene milk jug, respectively. The Mason jars were each covered with an autoclavable plastic lid typically used for mushroom spawn (Fungi Imperfecti, Olympia, WA), with a 1.3-cm-diameter hole drilled into the lid and a 70-mm-diameter synthetic filter disk (Fungi Imperfecti) placed beneath the lid. The milk jugs were each sealed with an autoclaved, 3.8-cm-diameter foam plug (VWR, Baltimore, MD) that was covered with two layers of aluminum foil. The jars or jugs of soil-oatmeal mix were autoclaved at 1.1 kg/cm 2 and 121°C for 50 min, cooled for 24 h, and autoclaved a second time using the same conditions. A 10-or 20-ml volume of sterilized, distilled water was added to each jar or jug, respectively, and left overnight prior to inoculation with the appropriate Pythium isolate. A mycelial mat of a 5-to 7-day-old culture of the Pythium isolate grown in PDB was used to inoculate the soil-oatmeal. The inoculated jars or jugs for each Pythium sp. were stored in the dark at ambient temperature (22 ± 2°C) for 3 weeks, and shaken manually every 3 days to facilitate thorough colonization of the soil-oatmeal mix.
The inoculum concentration of each soil inoculated with each Pythium sp. was then quantified by dilution plating. Each jar or jug was shaken vigorously to mix the inoculum, and a 10-g sample was added to 100 ml of sloppy agar (0.1% WA) and placed on a platform rotary shaker (Innova 2100; New Brunswick Scientific, Enfield, CT) for 10 min at 250 rpm. Fivefold dilutions were prepared, and three 0.5-ml aliquots of each dilution were each spread on the surface of a WA plate. The plates were incubated at room temperature, and colonies counted after 24, 30, and 36 h to calculate CFU per gram of soil. Dilutions of each of the infested soils to target concentrations of 5, 10, 50, 100, 500, and 1,000 CFU/g of soil were prepared to represent Pythium population densities reported for soils surveyed previously in eastern Washington (Cook 2002; Schroeder et al. 2006) .
Three 500-mg soil samples of each field-Pythium spp. combination were used for DNA extraction for each of the soil dilutions with the Ultraclean Soil DNA isolation kit following the manufacturer's recommended protocol, with the modifications described below. A subsample of 1 g of soil was also used from each soil dilution to verify, by dilution plating, the viable Pythium concentration (CFU per gram of soil). The total DNA extracted/soil dilution was used in a real-time PCR assay with the appropriate species-specific primer for each Pythium sp. following the protocol described below. Regression analyses were calculated using Sigma Plot (version 11; Systat, San Jose, CA) to examine the relationship between target DNA concentration detected with the real-time quantitative PCR assay and pathogen population recovered from the infested soil (CFU per gram of soil) for each Pythium sp.
The CFU per gram of soil quantified after preparing each dilution series revealed a greater concentration of each Pythium sp. than the targeted range of 5 to 1,000 CFU/g of soil (see Results). Therefore, a repeat experiment was carried out to obtain an inoculum concentration range closer to the targeted range of #1,000 CFU/g of soil, using soil from one field (field 36). Soil dilution series for each Pythium sp. were prepared similarly with a target 5 to 1, 000 CFU/g of soil. Total DNA was extracted as described above, followed by the real-time quantitative PCR assays. A 1-g subsample from each soil dilution was used for soil dilution plating on PSM agar to determine CFU per gram of soil for each dilution.
Quantification of Pythium spp. using real-time quantitative PCR assays. A quantitative, real-time PCR assay was used to detect and quantify inoculum of each of the three most prevalent and pathogenic Pythium spp. detected in the survey. Each field was represented by a subsample of soil from each of the four transects sampled, with each of the four subsamples considered a replicate for that field in each of the real-time PCR assays. The CFU per gram of soil for each field was calculated based on the regression equations developed above. DNA was extracted from 500 to 510 mg of soil/transect/field using the Ultraclean Soil DNA isolation kit (Mo-Bio Laboratories, Carlsbad, CA) following the manufacturer's recommended procedure, with modifications. The samples were processed with an FP-24 cell disruptor (MP Biomedicals) for 45 s at speed 5 (Schroeder et al. 2006) . Washed, 10% insoluble polyvinylpolypyrrolidone was added after eluting the DNA from each spin column to help remove potential PCR inhibitors (Zhou et al. 1996) . The DNA extract from each sample was used to quantify the three primary Pythium spp. using cartridge-purified, species-specific primer pairs and SYBR Green real-time PCR assays, as described by Schroeder et al. (2006) .
For the quantitative PCR assay for each species, a 20-ml reaction was prepared in a LightCycler 96 plate (Roche Applied Sciences, Indianapolis, IN) that included 12 ml of PCR-grade water, 4 mM MgCl 2 , 8 pmol of each of the forward and reverse primers, 2 ml of LightCycler Fast Start DNA Master SYBR Green I (Roche Applied Science), and 2 ml of DNA extract. Each real-time PCR assay was completed in a LightCycler 480 thermal cycler (Roche Applied Science) as follows: 10 min of initial denaturation at 95°C, followed by 50 cycles of 10 s at 95°C, 15 s at 70°C, and 30 s at 72°C. Melting curves were then generated by increasing the temperature to 95°C for 5 s, decreasing to 65°C for 1 min, and ramping up the temperature by 0.1°C/s to 95°C with continuous measurement of fluorescence. Data were analyzed with the LightCycler 480 software using the second derivative maximum analysis, and compared with the standard curve using a 1-ng standardized DNA concentration for each species with DNA extracted from mycelium of P. ultimum var. ultimum isolate 030141, P. irregulare complex isolate 0900101, and P. abappressorium isolate 020162.
Statistical analyses. Regression analyses were calculated to examine the relationship between DNA concentration detected and CFU per gram of soil for each of the three Pythium spp. in the soils inoculated with these species. In addition, Pearson's correlation coefficients were calculated between soil properties measured-that is, macronutrients (NO 3 -N, NH 4 -N, P, and K), micronutrients (Ca, Mg, S, B, Zn, Mn, Cu, and Fe), organic matter, pH, and electrolytic conductivity-and the amount of DNA quantified for each of the three prevalent Pythium spp. in each of the 37 fields surveyed, to assess which soil properties were most significantly associated with inoculum concentrations of the three prevalent Pythium spp.
Results
Fields surveyed. Of the 305 Pythium isolates obtained from soils of the 37 fields surveyed, 41, 17, and 42% were from the northern, central, and southern regions of the Columbia Basin, respectively (Table 2) . This may reflect the number of fields surveyed from each region (17, 5, and 15, respectively). Identification of 264 of the 305 isolates to species level by sequencing the ITS rDNA indicated the presence of 16 Pythium spp. (Tables 1 and 2 ), of which 13 species were detected in the 17 fields from the northern region, 9 species in the 5 fields from the central region, and 13 species in the 15 fields from the southern region. P. ultimum var. ultimum isolates made up 24.6% of all isolates, followed by P. torulosum at 18.7% and the P. irregulare complex at 14.8% (Table 2) . A single isolate of P. camurandrum (0.3%) was obtained from only 1 of the 37 fields. The incidence of other species isolated ranged from 1% (P. aristosporum, P. apiculatum, P. catenulatum, and P. oligandrum) to 4.9% (P. abappressorium) ( Table 2 ). P. ultimum var. ultimum, P. torulosum, the P. irregulare complex, P. abappressorium, and P. middletonii were baited from 86, 65, 38, 24, and 24% of the 37 fields, respectively (Fig. 1) . The other 10 species were detected in 5 to 22% of the fields (Fig. 1) . The isolates of P. apiculatum, P. carolinianum, and P. oligandrum were obtained only from fields in the northern region, and P. camurandrum was present only in one field in the south of the Columbia Basin ( Table 2 ). The composition of Pythium spp. isolated varied among the 37 fields surveyed. At least three Pythium spp. were isolated from 43% of the fields, in one field as many as seven species were isolated, and in one field a single species was isolated (data not shown). Of the 305 isolates baited, 41 were not identified to species because of failure to amplify and sequence the ITS rDNA.
Soil Pythium DNA-CFU regression analyses. The standard curves for the real-time quantitative PCR reactions had an efficiency ± standard deviation (coefficient of determination [R 2 ]) of 93.0 ± 0.08% (0.996), 90.4 ± 0.12% (0.998), and 89.7 ± 0.11% (1.000) for P. abappressorium, the P. irregulare complex, and P. ultimum var. ultimum, respectively (K. L. Schroeder, unpublished data). For the soils, a significant linear regression relationship (P < 0.0001) of DNA concentration versus CFU per gram of soil detected by soil dilution plating was calculated for each of the three predominant pathogenic Pythium spp. inoculated into steam-pasteurized soil sampled from 3 of the 37 fields surveyed (Fig. 2) . The R 2 ranged from 0.887 to 0.972, with a comparable slope for the three Pythium spp. The greater the soil dilution (lower CFU per gram of soil) for each Pythium sp. in each soil, the greater the variability in DNA concentration detected. For this reason, results for the least concentrated soil (greatest dilution) were removed from the analyses to satisfy the assumption of equal variances among soil dilutions.
When soil assays were repeated using soil from a single field (field 36) that was steam-pasteurized and then inoculated separately with each of the three Pythium spp., starting with a lower inoculum concentration, significant differences (P < 0.0001) were observed in the amount of DNA detected (femtograms per gram of soil) by real-time quantitative PCR assay among soil dilutions. A similar significant linear relationship was detected between CFU per gram of soil and DNA concentration detected by real-time quantitative PCR assay for each Pythium sp. (P < 0.0001 for all three species, with R 2 = 0.921, 0.799, and 0.954 for P. abappressorium, the P. irregulare complex, and P. ultimum var. ultimum, respectively; Fig. 2C , F, and I, respectively). These results confirmed the linear increase in DNA concentration with increasing CFU per gram of soil, and repeatability of the real-time quantitative PCR assays. DNA detection was highly variable at the lowest inoculum concentration of 5 CFU/g of soil, and results were most variable for the P. irregulare complex among the repeated soil assays (Fig. 2F) .
Regression analyses for each Pythium sp. using pooled standard curve data for soil from the three fields showed similar positive linear relationships (P < 0.0001) of DNA concentration detected versus Pythium population (CFU per gram of soil), with R 2 = 0.976 for P. abappressorium, 0.979 for the P. irregulare complex, and 0.974 for P. ultimum var. ultimum (Supplementary Fig. S1 ). The regression equations from standard curves pooled across the three soils for each of the three Pythium spp. were used to estimate the CFU per gram of soil from each of the 37 organic fields surveyed using the DNA concentration detected with the real-time quantitative PCR assays (Table 3 ). The levels of DNA detected for P. abappressorium were below the quantifiable limit (<1,000 CFU/g of soil) that could be estimated accurately with the regression equation for this species (Fig.  2A , B, and C; Table 3 ). The inoculum density of the P. irregulare complex estimated with the regression equation for the 37 fields ranged from 0 to 264 ± 115 CFU/g of soil, and 25 ± 0 to 264 ± 115 CFU/g of soil in those fields in which the species was detected (Table 3 ). The inoculum density of P. ultimum var. ultimum estimated for soil from the 37 fields ranged from 0 to 322 ± 32 CFU/g of soil, and 14 ± 3 to 322 ± 32 CFU/g of soil in the fields in which this organism was detected (Table 3) . For 5 and 14 of the 37 fields, DNA levels of the P. irregulare complex and P. ultimum var. ultimum, respectively, were below the quantifiable limit that could be estimated accurately using the regression equations for these species (Table 3) .
Quantification of Pythium spp. in the 37 fields using real-time PCR assays. Of the three predominant pathogenic Pythium spp. detected in the 37 fields surveyed, P. ultimum var. ultimum was detected in 100% of the fields using a real-time quantitative PCR assay at DNA concentrations ranging from 42 ± 26 (mean ± standard error) to 18,698 ± 1,880 fg/g of soil (Table 3) . Overall, 30% of the fields had $2,000 fg, 62% had 200 to 1,999 fg, and 8% had <200 fg of DNA of P. ultimum var. ultimum per gram of soil (Table 3 ). In contrast, P. ultimum var. ultimum was recovered from only 86% (17) 129 (42) 305 … a Details of the 37 fields, regions of the Columbia Basin, and sampling protocol are described in the text and in Supplementary Table S1 . b Pythium spp. isolated from soils sampled from the 37 certified organic fields and identified to species by sequencing the internal transcribed spacer (ITS) region of the ribosomal DNA (rDNA) using universal eukaryotic primers as described by Bakkeren et al. (2000) , and Paulitz and Adams (2003 of the fields with the grass leaf baiting method (Table 1; Fig. 1) . Interestingly, in the five fields where this species was not recovered by baiting, considerable DNA concentrations (1,112 ± 628, 1,678 ± 994, 338 ± 196, 238 ± 168 , and 2,108 ± 1,234 fg/g of soil) were detected in soil samples by real-time quantitative PCR assay (i.e., at greater densities than the fields from which this species was baited successfully; Table 3 ).
Soil from 92% of the 37 fields tested positive for P. abappressorium using the real-time quantitative PCR assay (Table 3) , whereas this species was recovered from only 24% of the fields with the baiting method (Fig. 1 ). There were five fields in which DNA of P. abappressorium was detected at concentrations below the quantifiable limit (Table 3) . The amount of DNA detected for this species in 29 of the fields was much less than that of P. ultimum var. ultimum, with DNA of P. abappressorium at 4 ± 2 to 226 ± 134 fg/g of soil. Of the 37 fields, 16% had DNA of P. abappressorium at >100 fg/g of soil detected, 62% had <100 fg/g of soil, and the remaining 22% of the fields had DNA levels below the quantifiable limit or not detected (Table 3) .
DNA of isolates of the P. irregulare complex was detected in 57% of the 37 fields using the real-time quantitative PCR assay (Table 3) , in contrast to only 38% of the fields that tested positive for this species complex by the baiting method (Fig. 1) . The amount of DNA detected of this species complex ranged from 14 ± 4 to 760 ± 296 fg/g of soil; however, DNA of the P. irregulare complex was detected from only one or two of the four replicate soil samples tested from 45.9% of the fields (Table 3) . For this species complex, 32.4% of the fields had DNA at <200 fg/g of soil, 24.3% had >200 fg/g of soil, and the remaining 43.2% of the fields did not test positive (Table 3) .
Correlation analyses for the soil properties measured with the amount of DNA detected for each of the three Pythium spp. in the 37 organic fields revealed the most significant positive correlations of P. abappressorium DNA concentration with four soil properties: available levels of Mn (r = 0.424 at P = 0.009), Mg (r = 0.386 at P = 0.018), organic matter (r = 0.321 at P = 0.053), and NH 4 -N (r = 0.316 at P = 0.057). For the P. irregulare complex, DNA concentration was correlated significantly with only one soil property, available Fe (r = 0.389 at P = 0.017). No soil properties were correlated significantly with DNA concentration of P. ultimum var. ultimum (data not shown).
Discussion
A very different composition of 16 Pythium spp. dominated the 37 certified organic vegetable production fields surveyed in this study in the semiarid, irrigated Columbia Basin of central Washington in comparison with surveys by Paulitz and Adams (2003) , which identified P. abappressorium, P. rostratum, and P. debaryanum (later identified by Schroeder et al. [2006] through sequencing and further morphological examination to be P. irregulare group IV) as the most prevalent species in wheat fields of eastern Washington, as well as studies on orchard soils in the Columbia Basin by Mazzola et al. (2002 Mazzola et al. ( , 2009 . Differences in soil moisture, temperature, and cropping systems among these distinct regions may affect the composition of Pythium spp. in each region. However, the Pythium community identified in orchard soils from the Columbia Basin by Mazzola et al. (2002 Mazzola et al. ( , 2009 ) was more similar to that of the eastern Washington wheat system, which was most likely associated with the fact that 60% of the ground cover is grass in these orchard systems. Thus, differences in soil moisture and temperature may not be the driving force in differences observed between this organic vegetable field survey and the eastern Washington wheat survey.
In this organic field survey, at least three Pythium spp. were isolated by baiting from 43% of the fields, one field had as many as seven species isolated, and a single species was isolated from only one of the fields. This was expected based on other surveys for Pythium spp. in agricultural or forestry soils (Broders et al. 2007; Paulitz and Adams 2003; Weiland 2011) . Based on the three baits used in this study, grass blades appeared to be very effective for detection of species such as those in the P. irregulare complex but not for other species (e.g., P. abappressorium, P. sylvaticum, and the P. violae complex). This potential association of different combinations of Pythium spp. among fields may complicate the development of effective disease management strategies because of potential variation in sensitivity of different species to production practices, fungicide applications, or environmental conditions (Broders et al. 2007 ), although relatively few of the species identified in this survey were highly virulent on pea in pathogenicity tests completed using cool, moist conditions typical of early spring planting in the Columbia Basin (data not shown) (Alcala 2013) . Under the conditions of those tests, isolates of only 8 of the 16 Pythium spp. baited were pathogenic on the pea cultivar Tonic (Alcala 2013) .
Isolates of P. abappressorium, the P. irregulare complex, and P. ultimum var. ultimum were the most prevalent of the pathogenic species detected in this survey (data not shown) (Alcala 2013) . Therefore, a soil Pythium DNA-CFU regression curve was developed for each of the three primary pathogenic Pythium spp. in order to quantify these three pathogens in the 37 fields surveyed, using a quantitative real-time PCR assay for each species. When regression equations for the three Pythium spp. were used to estimate inoculum concentration of these species in the 37 organic fields based on DNA quantified with the real-time quantitative PCR assays, very few of the fields had inoculum levels similar to those reported by Cook et al. (1990) for wheat fields of the inland Pacific Northwest (200 CFU/g of soil). This suggests a need to investigate further whether inoculum densities detected in certified organic fields of the Columbia Basin for these three Pythium spp. could lead to significant damping-off in pea and other crops during spring planting conditions. The regression equation developed for P. ultimum var. ultimum estimated inoculum concentrations of 1.6 CFU per 100 fg of DNA per gram of soil, which is similar to that detected by K. L. Schroeder and T. C. Paulitz in eastern Washington wheat fields (unpublished data); that is, Pythium DNA at 0 to 100 fg/propagule/g of soil using inoculated soil samples. However, the equation used to estimate inoculum concentration was developed using pasteurized soil inoculated with each of the Pythium spp., and has not been validated for field soil samples with natural Pythium populations in the presence of other soil microflora that may affect survival and inoculum potential of Pythium spp. in soils (Martin and Loper 1999) .
P. ultimum var. ultimum was detected in all 37 fields with the realtime quantitative PCR assay at DNA concentrations generally greater than DNA levels detected for the two other prevalent, pathogenic species. P. abappressorium DNA was detected in 92% of the fields but at lower concentrations than that of P. ultimum var. ultimum, while P. irregulare complex DNA was detected in only 57% of the fields. The frequency of detection of these species in soils from the 37 fields using the real-time quantitative PCR assays was greater than the frequency of recovery by baiting with grass leaves and by pea or sweet corn seed planted in soil samples. Schroeder et al. (2006) used the same species-specific primer pairs for detecting the three Pythium spp. from fields in eastern Washington, and detected greater amounts of DNA of P. abappressorium and the P. irregulare complex from dry soil samples (e.g., 580 to 2,775 fg/g of soil for P. abappressorium in three fields, and 5,360 fg/g of soil for the P. irregulare complex in only one of six fields), and wet soil samples (680 to 6,065 fg/g of soil for P. abappressorium and 7,980 fg/g of soil for the P. irregulare complex) compared with what was detected in this study in organic soils from the Columbia Basin. In contrast, P. ultimum var. ultimum was detected frequently at greater amounts of DNA in the 37 organic fields in the Columbia Basin compared with wheat fields in eastern Washington, where the amount of DNA quantified was <10 fg/reaction (Schroeder et al. 2006) . Schroeder et al. (2006) reported that variation in the amount of Pythium DNA detected in eastern Washington soils increased greatly Fig. 2 . Regression analyses of the soil population density (CFU per gram of soil) versus soil DNA concentration (femtograms per gram of soil) detected by real-time quantitative polymerase chain reaction (PCR) assays for each of A to C, Pythium abappressorium; D to F, the P. irregulare complex; and G to I, P. ultimum var. ultimum. Soil from each of three fields-field 20 (A, D, and G), field 14 (B, E, and H), and field 36 (C, F, and I)-was inoculated with each of the three Pythium spp. separately, then used in a soil dilution series to achieve populations ranging from 5 to 1,000 CFU/g of soil. The number of propagules (CFU per gram of soil) detected on a Pythium selective medium agar (Mircetich and Kraft 1973) , however, was greater than the target range when quantified by dilution plating. Dashed lines in C, F, and I represent results of the regression analyses when assays were repeated using a lower target population range of the three Pythium spp. in soil from field 36. Due to excessive variability in the amount of DNA detected across replicate samples at the greatest soil dilution (lowest CFU per gram of soil), data points for those dilutions were not included in the regression analyses to satisfy the assumption of equal variances. Each data point is the mean of three replicate soil DNA extractions tested with the real-time quantitative PCR assay using species-specific primers for each of the three Pythium spp., as described by Schroeder et al. (2006) . R 2 = coefficient of determination, P = probability of no significant regression relationship between the two variables, Y = predicted log (femtograms of DNA per gram of soil), and x = log CFU per gram of soil.
as the population of Pythium in the soil approached the detection limit of 10 to 100 fg/g of soil for the real-time quantitative PCR assay used, although P. abappressorium was detected at concentrations as low as 4 fg/g of soil in that survey. Overall, results of the real-time quantitative PCR assays in this study in central Washington were consistent with those of other studies in which real-time quantitative PCR assays were used to detect and quantify specific pathogens in soil (Li et al. 2010; Schroeder et al. 2006) . The potential use of real-time quantitative PCR assays to detect and quantify Pythium spp. in soils with greater sensitivity than baiting methods has been documented (Li et al. 2010; Schroeder et al. 2006) . However, such real-time quantitative PCR assays detect DNA of the target pathogens regardless of the viability of the propagules, which could account, in part, for the greater sensitivity with this method versus baiting. Furthermore, variability in the amount of DNA detected from the four soil transects assayed per field for each of the three Pythium spp. may reflect the aggregated distribution of Pythium in soils (Okubara et al. 2005) . Although mixing 20 soil cores/transect should have addressed this to some degree, the very limited volume of soil from which DNA can be extracted using most DNA extraction kits is a major limitation to representative quantification of soilborne pathogens. However, several studies have demonstrated the ability to overcome this limitation by optimizing soil DNA extraction methods for samples of up to 500 g of soil (Brierley et al. 2009; Ophel-Keller et al. 2008) .
Further investigations are needed to determine the inoculum concentrations at which growers typically experience significant losses from these Pythium spp. in pea and other crops, and to validate the regression equations developed in this study. If a consistent relationship between DNA concentration and CFU per gram of soil detected on selective agar media can be established with naturally infested soil samples, DNA-based inoculum prediction using real-time quantitative PCR assays might provide a rapid and accurate way to predict the risk of damping-off. This will help with developing and implementing appropriate management tactics prior to planting, which could assist growers of organic crops who have limited management options for damping-off caused by Pythium spp. Ultimately, a multiplex PCR assay could be developed to detect and quantify multiple target Pythium spp. associated with damping-off in a single assay, which will increase the efficiency of DNA-based assessment of inoculum concentration and make it possible to assay a greater number of samples, thereby improving accuracy of results. Such an assay could provide a tool for risk assessment and timely application of control strategies to manage damping-off in organic production, and could be of similar value to conventionally grown crops highly susceptible to Pythium spp. However, even if such a diagnostic tool becomes available, the inoculum potential of a field for damping-off is a function not only of inoculum concentration at the time of planting and seedling establishment but also of the ability of different Pythium spp. to form zoospores, the mix of pathogenic and nonpathogenic species, and environmental and cultural practices, as demonstrated for soilborne plant pathogens in other studies (Gatch and du Toit 2015; Okubara et al. 2013 ).
